Endotoxin-resistant C3H/HeJ mice were used to test the hypothesis that a macrophage product, possibly interleukin-l, might mediate the depression of liver cytochrome P-450-dependent drug metabolism in endotoxin-treated mice. Depression of liver drug metabolism by endotoxin was observed in normal mice (C3H/HeN) but not in C3H/HeJ mice. Serum transfer experiments demonstrated that a serum factor was responsible for the depression of liver drug metabolism. Experiments of passive transfer of peritoneal macrophages showed that this endotoxin-induced factor might be a macrophage product. In vitro experiments showed that endotoxin-stimulated monocytes produced a factor that depressed cytochrome P-450-dependent metabolism in cultured hepatocytes. Homogeneous human monocyte and recombinant interleukin-l also depressed liver drug metabolism both in vivo and in vitro, suggesting that this macrophage product might be involved in the regulation of liver function by the immune system.
Bacterial endotoxins (lipopolysaccharides [LPS]
) exert multiple effects on the liver, such as inhibition of glucocorticoid-mediated induction of tryptophan oxygenase and phosphoenolpyruvate carboxykinase (17) , induction of acute-phase proteins (25) , and depression of microsomal cytochrome P-450 and related drug-metabolizing enzymes (2, 12). Most of the in vivo effects of LPS, including depression of plasma iron and zinc (16) , acute-phase response (26) , glucocorticoid antagonism (17) , antitumor effect (23) , and fever (7), were reported to be mediated by macrophage products. Several of these mediators, including endogenous pyrogen, leukocytic endogenous mediator, and lymphocyte-activating factor, are now considered properties of the interleukin-1 (IL-1) family of polypeptides (7) . The aim of this work was to investigate the possibility that the depression of liver drug metabolism by LPS might be also mediated via macrophage products, possibly IL-1. The experimental model used to test this hypothesis was the LPS-resistant C3H/HeJ mouse strain. Previous work showed that a normal endotoxemic response, with respect to fever and acute-phase response, can be elicited in C3H/HeJ mice by injection of IL-1 (16) , and this strain of mice has been used successfully in studying the origin and nature of LPS-induced glucocorticoid-antagonizing factor (17) .
MATERIALS AND METHODS Animals and treatments. Adult male C3H/HeN mice (Charles River, Calco, Italy) or C3H/HeJ mice (Jackson Laboratories, Bar Harbor, Maine), 7 to 8 weeks of age, were used. Mice were treated with LPS from Escherichia coli serotype 055:B5 (Sigma Chemical Co., St. Louis, Mo.) at a dose of 2.5 jig per mouse, intravenously (i.v.), in 0.2 ml of sterile, pyrogen-free saline.
Twenty-four hours after treatment, mice were killed by cervical dislocation, and liver cytochrome P450-dependent drug metabolism was assessed as ethoxycoumarin deethylase (ED) activity. ED was determined in liver homogenates * Corresponding author.
by the fluorimetric method of Greenlee and Poland (13) , and results are expressed as nanomoles per minute per gram of liver.
For serum transfer experiments, C3H/HeJ mice were given i.v. injections (0.2 ml) of serum from C3H/HeN mice bled 90 min after i.v. injection of 2.5 ,ug of LPS or saline alone.
Serum obtained from C3H/HeN mice treated with LPS or saline is referred to as LPS serum and control serum, respectively. C3H/HeJ mice were killed 24 h after serum injection, and ED activity was determined as described above.
PEC. Peritoneal exudate cells (PEC) were obtained from C3H/HeN mice treated 7 days earlier with casein (1 ml of a 6% solution, intraperitoneally [i.p.1). PEC consisted of macrophages (60 to 70%) and lymphocytes (30 to 40%). Neutrophils were less than 1%. PEC were harvested in phosphatebuffered saline, collected by centrifugation (400 x g, 10 min), and finally suspended at 107 cells per ml in Hanks balanced salt solution with or without LPS (10 ,ug/ml). A 0.5-ml amount of this suspension was injected i.p. into C3H/HeJ mice. Control mice received 0.5 ml of Hanks balanced salt solution alone or with LPS. Liver ED was determined 24 h after treatment.
Monocyte supernatants. IL-i-containing supernatants were prepared by culturing Percoll-purified human peripheral blood monocytes for 48 h at 2 x 106 cells per ml in RPMI 1640 medium supplemented with 1% fetal calf serum (endotoxin-free, <0.1 ng/ml by the Limulus amebocyte lysate assay), with or without LPS (25 ,ug/ml). Medium alone, with or without LPS, served as the control. The IL-1 activity of the monocyte-plus-LPS supernatant was 650 U/ml by the thymocyte proliferation assay (22) .
Hepatocyte isolation and culture. Hepatocytes were prepared from the livers of Crl:CD(SD)BR rats and purified from nonparenchymal liver cells by the method of Seglen (24) , and the cells (0.9 x 106) were seeded in 9.6-cm2 petri dishes. Hepatocyte culture medium was a mixture of 75% minimum essential medium and 25% medium 199 supplemented with 5% fetal calf serum, 0.2% bovine serum albu- IL-1. Human IL-1 was purified from the supernatant of adherent human blood monocytes as described previously (8) . Briefly, the supernatant was purified by immunoabsorption (9), gel filtration, and chromatofocusing. With [35S]methionine and [3H]leucine intrinsic labeling, sodium dodecyl sulfate-polyacrylamide gel electrophoresis and fluorography revealed radioactive amino acids corresponding to the positions of methionine-136 and leucine-142, -145, and -147 of the pl 7 IL-1 sequence predicted by the cDNA (1). Human recombinant pl 7 IL-1 was prepared as described elsewhere (5) . RESULTS LPS (2.5 ,ug per mouse, i.v.) caused a marked depression (42%) of liver cytochrome P-450-dependent metabolism, as measured by ED activity 24 h after treatment (Table 1) . By contrast, LPS did not affect liver drug metabolism in C3H/HeJ mice. However, when C3H/HeJ mice were treated with 0.2 ml of serum collected from normally responsive C3H/HeN mice 90 min after an i.v. injection of LPS, a depression (25%) of liver drug metabolism was observed. The drug metabolism-depressing activity of post-LPS serum was present 90 min after LPS treatment but was not detected after 6 or 24 h ( Table 2 ). The rapid release of this factor suggests a possible similarity with other known LPS-induced factors (IL-1, glucocorticoid-antagonizing factor, and tumor (26) . To test the hypothesis that IL-1 might have a role in this depression of liver drug metabolism, we studied the in vivo effect of homogeneous human monocyte IL-1 and recombinant human IL-1. A depression of liver ED activity was observed with all the IL-1 preparations (Table 5) . A dose-response experiment of the in vivo effect of recombinant IL-1 on liver ED is reported in Table 6 .
To further characterize the role of macrophage products, and possibly of IL-1, in the LPS-induced depression of liver metabolism, we studied the effect of the conditioned medium from human monocytes stimulated with LPS on isolated rat hepatocytes in vitro. Rat hepatocytes were used because of the higher stability of cytochrome P-450 in cultured rat hepatocytes than in mouse hepatocytes.
IL-1-containing supernatants (monocytes plus LPS) depressed P-450-dependent drug metabolism in rat hepatocytes in a 20-h culture (Table 7) . Homogeneous human monocyte IL-1 was also active in depressing ED activity in this experimental model.
DISCUSSION
The cytochrome P-450-dependent drug-metabolizing system of the liver is a metabolic system involved in the detoxification of foreign compounds, including drugs, and in the metabolic activation of chemical carcinogens and anticancer drugs. The depression of this system by LPS has been reported (2, 12). To investigate the possible role of macrophages in the depression of liver drug metabolism by LPS, we took advantage of the experimental model used by Moore and colleagues in the characterization of glucocorticoid-antagonizing factor (17) . Serum transfer experiments demonstrated the presence of a serum factor that affected liver drug metabolism in LPS-resistant mice. This demonstrated that a second mediator, rather than LPS per se, was responsible for the depression of liver drug metabolism. In fact, this mediator was present shortly after treatment with LPS (i.e., at 90 min and not at 24 h; see Table 2 ), further supporting the hypothesis that this mediator might be responsible for the depression of liver drug metabolism observed at 24 h but not at 90 min (data not shown) and is not just secondary to this "hepatotoxic" effect of LPS. Since LPS is a known interferon inducer (15) and interferon has been reported to depress liver cytochrome P-450-dependent drug metabolism (11, 19, 21) , we considered the possibility that interferon might account for the drug metabolismdepressing activity of post-LPS serum. However, the interferon titer of this serum was low (400 U/ml), and injection of 0.2 ml of serum resulted in a dose of interferon equal to 80 U per mouse. Since higher doses of interferon (104 to 105 U per mouse) are required to significantly depress liver drug metabolism (19), we could rule out that the serum mediator under investigation was interferon. The observation that transfer of peritoneal macrophages can render C3H/HeJ mice responsive to drug metabolism depression by LPS, together with the ability of LPS-stimulated human mono- cytes to release a factor(s) that depresses drug-metabolizing enzymes in cultured rat hepatocytes, strongly supported the hypothesis that the mediator involved was a non-speciesspecific macrophage product such as IL-1 (interferon, unlike IL-1, is strictly species specific). The ability of purified IL-1, including recombinant IL-1, to depress liver drugmetabolizing enzymes in vivo and in vitro suggests that this mediator, known to mediate other nonimmunologic effects of LPS, might have a role in the effect of LPS on liver drug metabolism. This work provides an experimental system for studying the regulation of liver drug metabolism by the immune system through a soluble mediator of macrophage origin and might be important in defining the mechanism of depression of liver drug metabolism observed in pregnancy (6) and various pathological conditions including traumatic injury (14) and burn (3, 4) .
The data reported do not rule out the possibility that other LPS-induced mediators might also contribute to the depression of cytochrome P-450-dependent metabolism by LPS, and certainly interferon and possibly tumor necrosis factor might be important in this effect.
As far as the mechanism of this effect of IL-1 is concerned, our data do not distinguish whether the depression of liver cytochrome P-450 is due to increased degradation or decreased synthesis. While interferon-mediated depression of cytochrome P-450 was suggested to be mediated via increased degradation (10, 11) , IL-1 might be effective by another mechanism. In fact, the general effect of IL-1 on the liver is a switch from the normal proteins to the acute-phase proteins, and decreased gene expression was reported for albumin (20) . It is therefore tempting to hypothesize that IL-1 might have a regulatory action on cytochrome P-450 at the transcriptional level. 
